Introduction 35
It has been widely recognized that trace metals play important roles in the ocean. 36
Trace metals such as iron, copper, and cadmium are essential for the growth of marine 37 phytoplankton [1] [2] [3] [4] [5] ; for instance, iron is known to be used in chlorophyll production and 38 nitrogen fixation [3, 6] , thereby regulating primary productivity and marine 39 biogeochemical cycles [7] [8] , and copper and cadmium can be toxic under some 40 conditions [9-10]. Other trace elements, such as lead, document the impact of 41 anthropogenic trace metal inputs to the ocean for the past two centuries [11] [12] . 42
In spite of their importance, however, global-scale trace metal data are sparse 43 because of difficulties in sampling and analysis. Because of their extremely low 44 concentrations (10 -9~1 0 -12 mol l -1 ) compared to the high-salt matrix in seawater, analysis 45 of trace metals requires pre-concentration and purification before detection, which 46
includes solvent extraction [13] [14] [15] and extraction onto chelating resin columns (e.g. 47
Chelex-100, 8-HQ chelating resin) [14, [16] [17] followed by trace metal quantification 48 using graphite furnace atomic absorption spectrometry (GFAAS) or inductively coupled 49 plasma mass spectrometry (ICPMS). Trace metal concentrations can be also measured 50 electrochemically (e.g. anodic stripping voltammetry), where pre-concentration is 51 achieved by long deposition times [18] [19] . However, these methods are relatively labor-52 intensive (i.e. reagent purification and sample processing) and time-consuming as they 53 require large sample volumes (hundreds mililiter to liter scale). 54
In the last decade, various methods have been developed to allow trace metal 55 analysis with a simpler procedure and a smaller sample volume. One of these is the 56 Mg(OH) 2 co-precipitation method coupled with isotope dilution ICPMS [20] [21] [22] . This 57 method uses small volumes (1.5 to 50ml) of seawater and reagents and has good 58 sensitivity with low procedural blanks. However, the resulting sample matrix contains 59 high Mg 2+ and seasalt occluded in the precipitates that can clog the nebulizer and leave 60 deposits on the ICPMS cones, which limits runs to a few hours, suppresses ICPMS signal 61 strength, and requires frequent cleaning of the nebulizer and cones. Thus, this method is 62 not ideal for the routine measurement of many samples. 63
Other approaches that have been employed are on-line column extraction methods 64 using recently developed chelating resins that have higher affinity for metal ions [23] [24] [25] . 65
For instance, Lohan et al. [23] used on-line preconcentration by nitriloacetic acid (NTA)-66 type chelating resin columns coupled to flow injection analysis by ICPMS. This study 67 demonstrated that dissolved Fe 3+ and Cu 2+ can be quantitatively recovered at pH below 2 68 after oxidization of Fe 2+ to Fe 3+ by addition of trace H 2 O 2 , which is extremely 69 advantageous in that samples can be processed without further pH adjustment (trace 70 metal samples are routinely acidified and stored at pH 1.7-2.0 to preserve metal ions in 71 soluble inorganic form). However, because these on-line column extraction methods 72 assign trace metal concentrations by external standardization, accuracies are affected by 73 sample matrix and recovery variation during pre-concentration. In cases where the 74 sample pH needs to be adjusted to a higher pH (e.g., EDTA-type resin, or NTA resin for 75 other trace metals except Fe and Cu), recovery efficiencies may also vary during pH 76 adjustment because metal ions may be lost by re-complexation with organic ligands or 77 binding to bottle walls. A very recently developed method tackles this problem by using 78 isotope dilution and standard additions prior to on-line column extraction to analyze 79 multiple elements simultaneously [26] . However, on-line column extraction methods 80 generally have low ICPMS throughput because sample analysis rate is limited by sample 81 uptake and elution times, and they are also relatively sample consuming as large sample 82 volumes are used to rinse the entire system and precondition the resin column. 83
In this study, we utilized the same resin as in Lohan et al.'s method, but modified 84 the method by using 1) isotope dilution to avoid recovery efficiency and sensitivity issues 85 and 2) offline batch extraction from 100-2400 resin beads to keep blanks low and 86 improve ICPMS throughput. This method requires relatively little analyst time and 87 minimal volume of sample (only 1.3-1.5ml), which is beneficial under circumstances 88 when sample volume is limited. In addition, the use of small amounts of resin lowers the 89 HAc. The mixing ratio was determined empirically to keep the pH of the buffer between 107 7.9-7.98 because at pH higher than 8.0, Mg(OH) 2 can be precipitated when buffer meets 108 the sample, potentially resulting in the loss of metals. The buffer was used without further 109 dilution to minimize the volume of buffer added to the samples. Because ammonia gas is 110 lost relatively rapidly through plastic bottle walls, the buffer was refrigerated when not in 111 use to reduce buffer weakening. 112 113
Materials 114
All the 1.5ml polyethylene vials (Eppendorf AG or Molecular BioProducts, Inc. 115 with o-rings removed) and bottles were acid-leached for one day at 60°C with 10% 116 reagent-grade HCl. The vials and bottles were then rinsed 3-5 times with pure distilled 117 water, filled with high-purity 0.06M HCl, and then leached for another day at 60°C. The 118 dilute HCl was left in the vials until just before use. Pipette tips were rinsed with dilute 119 HCl and high purity H 2 O immediately before use. Before sample preparation, 1.5ml-size 120 vials from different companies were tested for their Fe blank by adding 150µl of clean 121 0.5M HNO 3 to acid-cleaned, empty vials and measuring Fe concentrations in the acid 122 after 5-days of leaching. The Fe detected herein represents the Fe blank coming from the 123 vial walls since during sample preparation Fe is eluted from the resin beads in the same 124 way (i.e., store 150µl of 0.5M HNO 3 in resin-containing vials for five days). We also 125 conducted the same test while the vials were kept upside-down to check for potential 126 contamination from vial caps. Eppendorf vials (no longer commercially available; reused 127 repeatedly) were found to be cleaner for Fe compared to the other brands tested, so only 128 these vials were used for Fe analysis, although different lots of vials resulted in variable 129
Fe blanks (Table 1 ). We also found that vial caps are the largest contributor to Fe blanks 130 even after they are cleaned by the acid-leaching steps described above, so vials were kept 131 upright during sample preparation, and every effort was made to avoid contact between 132 acidic sample solution and caps. Cu, Cd, and Pb blanks were low regardless of what 133 brand vials were used, and vials from Eppendorf AG and Molecular BioProducts, Inc. 134 were both used for these elements. We have used NTA Superflow® resin (Qiagen Inc., Valencia, CA) supplied in 155 both Ni 2+ and non-Ni 2+ forms, although the non-Ni 2+ form was preferred. The resin was 156 cleaned by multiple rinsing steps in acid-cleaned polypropylene centrifuge tubes. When 157 not being used or cleaned, the resin was kept refrigerated. The resin was first washed 158 several times with high purity H 2 O, then multiple times with high purity 1.5M HCl, and 159 then again multiple times with high purity H 2 O until the pH was higher than 3. Then the 160 resin was rinsed several times with high purity 0.5M HNO 3 ; for the first washes, it was 161 left on a shaker table for several hours, and then left overnight for the final wash. Finally, 162 the resin was rinsed with high purity H 2 O several times until the pH was higher than 3. 163
After each wash, the resin was centrifuged down and the supernatant was discarded. 164
Cleaned NTA resin was then diluted with high purity H 2 O so the resin suspension 165 contained ~100-400 resin beads per 25µl, and was stored in a refrigerator. The resin 166 blank was checked by leaching the resin beads in 0.5M HNO 3 and measuring trace metal 167 concentrations (see section 3.4.); if the blank was higher than expected, we repeated the 168 0.5M HNO 3 and high purity H 2 O rinsing steps. Cleaning the resin is particularly 169 important for Fe. It seems that Fe within the beads diffuses to the surface of the beads 170 where it can be dissolved into the samples, so even after the resin is cleaned once, 171 significant amounts of Fe are slowly released from the resin beads over time. We found a 172 high resin blank for Fe (up to ~2.5nM) when the resin was stored for a long time (a few 173 months), and it decreased to the normal level (<0.2nM) after re-cleaning the resin. 174 interference on mass 54 was corrected by monitoring 52 Cr, but was negligibly small 220 because the resin does not take up Cr at the analytical pH range. The operating details for 221 the IsoProbe are listed in Table 2b . Because we have found that optimal conditions vary slightly for Cu-Cd, Pb, and 232
Fe, we generally perform these analyses separately, although because of isotope dilution 233 calibration, it is possible to do all simultaneously at pH~5 so long as the isotope spikes do 234 not have contamination for the other elements. 235
The samples were prepared by the following procedure. Initially, an acid-leached 236 1.5ml vial was rinsed with a small volume (~0.5ml) of the acidified seawater sample (pH 237 1.7-2.0), and then 1.3-1.5ml of the sample was poured into the vials. The vial was 238 weighed before and after pouring the sample, and the exact sample volume was 239 determined by converting the weight of sample to volume using the density of seawater. 
Sample pH 288
A previous study showed that pH is critical for trace metal recoveries from the 289 NTA resin [23]. In Lohan et al.'s study, where a resin column and flow-injection system 290 were used, recovery efficiency of Cu was ~50% at pH<2, ~90% at pH 2-3, and near 291 100% at pH>3.5. Cd was recovered only at a pH higher than 5.5, with ~80% recovery 292 efficiency. In the case of Fe(III), ~80% of Fe(III) was recovered at pH 1.5 and Fe(III) was 293 almost fully recovered at pH higher than 2. The relationship between pH and Pb recovery 294 from NTA resin was not investigated in Lohan et al.'s study. 295
Based on this previous study, we tested the effect of pH on recovery efficiencies 296 of Cu, Cd, and Pb in our batch-extraction method. Fe was not studied here because Fe is 297 recovered well (50-75%) at a typical sample pH (1.7-2.0) without pH adjustment. We 298 added 50µl of isotope spike to 1.3ml of the acidified seawater samples (pH 1.7-2.0), and 299 then adjusted the pH of samples using ammonium acetate buffer. The Cu and Cd 300 recoveries were tested for pH values ranging from 5.0-6.7, and Pb was tested from pH 2.0 301 to 6.7. The amount of buffer added to the sample was empirically determined in each test 302 depending on the target pH. Finally, 50µl of NTA resin (~200 beads) were added to the 303 samples, and the samples were processed following the general procedure described in 304 section 2.4. The recovery efficiency of each element was calculated by comparing the 305 count rates of 65 Cu, 110 Cd, and 204 Pb in the enriched isotope spike to those in the final 306 sample solution. 307
Under our batch-extraction conditions, 70-100% of Cu was recovered in the pH 308 range 5.0-6.7. Cd recoveries were very low (1~2%) at pH below 6.0 and higher at pH 6.5 309 (Figure 1a ), but even the highest recovery at pH 6.5 was only ~5%. The low recovery of 310 Cd compared to the other elements is probably because of its low binding ability with 311 nitriloacetate (NTA) ligands [32] . Also, the much lower recovery of Cd at the same pH 312 compared to Lohan et al.'s study is likely because we used only ~200 resin beads, 313
whereas Lohan et al. used a column packed with ~10 5 resin beads (inner volume of the 314 1cm-column: 85µl; bead size: 60-160µm). Pb recoveries were low at pH<4.5, highest at 315 pH ~5.0, and they decreased as pH increased above 5.0 (Figure 1b) . In a more detailed 316 study using a different seawater sample, the optimal pH for Pb appeared to be 5.0-5.4 317 ( Figure 1b ). Another thing we noticed was that recovery efficiencies seem to be different 318 for different samples, presumably depending on the strength of natural ligands in each 319 sample relative to that of NTA resin. The low overall recovery efficiency of the later 320 experiment (experiment for pH 5.0-5.6) compared to the others seems to be caused by 321 this natural variability of the samples, and it emphasizes the importance of using the 322 isotope dilution technique. 323 324
Number of resin beads 325
In order to test our hypothesis that the low Cd recovery is due to the low number 326 of resin beads used for extraction, we prepared samples by adding larger numbers of 327 beads. Recovery efficiencies of Cu and Cd increased by ~20% and ~100% by doubling 328 the resin volume (~400 beads) (Figure 2, white squares) , and Pb recovery also increased 329 as a function of the number of resin beads added to the samples (Figure 3 ). Higher 330 recovery efficiencies were achieved by further increasing the number of resin beads; for 331 instance, we could achieve up to 80-90% Pb recovery when 2400 beads were added to the 332 sample. Because the volume of vial is limited to 1.5 ml, in that experiment we made a 333 more concentrated NTA resin suspension (400 beads per 25µl) and added 150µl of resin 334 suspension to the sample. 335
The concern with using larger volume of resin beads is that adding more beads 336 may increase the procedure blank. When the resin blank was checked for each element 337 (details in section 3.4.), it was negligibly low for Cu, Cd, and Pb, but was significant for 338 Fe. Thus, for Fe analysis, we did not increase the resin volume (we continued to use ~100 339 resin beads) to keep the procedural blank low. 340 341
Sample-resin binding and trace metal elution times 342
The influences of sample-resin binding time and elution time on recovery 343 efficiency were tested with the SAFe MIT "A" seawater. In the first experiment, the 344 samples were allowed to bind to the resin beads on a shaker table for one to four days 345 while the rest of the procedure was kept the same. Cu recovery efficiency increased 346 slightly when a longer time was allowed for sample-resin binding (Figure 2a ), whereas 347
Cd recovery efficiency showed no detectable difference (Figure 2b we found to minimize the Fe procedural blank was 1200-1300 rpm. 361
In the second experiment, the samples were allowed to bind to the resin for the 362 same length of time, but different amounts of time (1 to 5 days) were provided after the 363 addition of nitric acid, and before the ICPMS run. A longer elution time did not increase 364 Cu, Cd, or Pb recoveries between 1-5 days, so these elements were clearly released from 365 the resin in a relatively short time. The recovery of Fe increased significantly when a 366 longer time was allowed for elution. However, five days was chosen as the optimal length 367 of time for Fe elution because procedural blank also increases with time, likely because 368 of the slow release of Fe from the NTA resin beads. When samples could not be run on 369 the ICPMS on schedule, they were refrigerated (<4 o C) to slow down the release of Fe 370 from the resin beads. 371
According to our investigation, several days to a week for sample preparation 372 yields the highest recovery efficiencies. However, because most of this process time 373 does not involve analyst's work, actual analyst time for sample preparation is relatively 374 small, e.g., several hours for ~100 samples. In addition, when high recovery efficiency is 375 not critical (i.e., for samples with moderate to high trace metal concentrations), samples 376 can be processed and run on the ICPMS within 3 days. 377 378
Procedural blank, detection limit, and accuracy 379
The procedural blanks and detection limits of this method are shown in Table 3 . 380
The detection limits are considered as three times the standard deviations of the 381 procedural blanks. The potential sources of the procedural blank of this batch-extraction 382 method are ammonium acetate buffer or H 2 O 2 , resin beads, dilute nitric acid, sample vials 383 and contamination during handling. Here we examine the contribution of these sources to 384 the procedural blank. also measured separately in the same manner, and HAc was found to be the dominant 400 source of trace metals in the buffer. Purifying HAc by further distillation will lower the 401 present buffer blank, and consequently lower the procedural blank. 402
In order to assess the trace metals coming from the resin suspension, 50µl of resin 403 suspension (~200 beads) was added to 1.5ml Eppendorf vials. After the addition of 150µl 404 0.1M HNO 3 , the resin was left for 1-5 days so any trace metals in the resin could be 405 released. Following the addition of 10µl isotopically-enriched standard, the metal 406 concentration in this solution was determined by isotope dilution ICPMS. The Cu, Cd, 407
and Pb contents in the resin suspension were negligible (<d.l.), and the procedural blanks 408 were almost the same even though the number of resin beads was increased. The resin 409 blank for Fe was equivalent to 0.05-0.25nM for samples depending on the time since the 410 resin was cleaned, which means that the resin is the major source of the Fe procedural 411 blank. 412
The accuracy of the NTA resin batch-extraction method was tested in several 413 ways. The Cu, Cd, Pb, and Fe concentrations in SAFe seawaters analyzed by this method 414 were compared with the SAFe consensus values 415 (www.geotraces.org/Intercalibration.html#Standards) (Table 3) , and they agreed well. 416
The surface Cd concentrations are below detection limit for the sample size of 1.3ml; if 417 lower detection limits are desired, they could be attained by increasing recovery 418 efficiency using more resin beads and concentrating Cd from a larger sample volume. In 419 addition, the fact that the Cu, Cd and Fe data at BATS station generated by this method 420 match those from previous studies (see section 3.7) demonstrates that the ID-NTA bead-421 ICPMS method can provide accurate data. 422 423
Multi-element analysis 424
This method has the potential to detect multi-element concentrations from a single 425 1.3ml-size sample. The sample can be spiked with a multi-isotope standard (a mixture of 426 the enriched isotope standard of each element), and the isotope ratios of the multiple 427 elements in the sample can be detected concurrently on the ICPMS. In order to achieve 428 this goal, each scarcer-isotope-enriched spike should be clean with respect to the other 429 elements to yield low procedural blank for all analyzed elements. When 65 Cu-, 110 Cd-, 430 and 204 Pb-enriched isotope spikes were checked for Cu, Cd, and Pb concentrations ( Table  431 4), they were relatively clean for each other except the 65 Cu isotope spike, which was 432 slightly contaminated with Pb probably during storage and handling (this 65 Cu spike 433 solution was more than 10yrs old). Spiking 25µl of this 65 Cu spike to samples will 434 increase the Pb procedural blank by 0.28pM; however, this is still acceptable considering 435 typical Pb concentrations in the ocean. Cross-contamination was not investigated for Fe 436 because we measure Fe on a different instrument (IsoProbe) from the other elements 437 (PQ2+). Because mixing the 65 Cu, 114 Cd, and 204 Pb isotope spikes will slightly change the 438 fraction of each isotope and isotope ratios (contamination from the other isotope spikes), 439 they should be precisely measured before use. Also, the accuracy of this multi-element 440 analysis can be improved by adjusting the mixing ratio and concentrations of each 441 isotope standard to minimize error propagation. The Cu and Cd concentrations in SAFe 442 seawaters were assessed simultaneously by spiking the samples with 65 Cu-and 114 Cd-443 enriched isotope spike, and the result agreed well with the SAFe consensus value, 444 affirming that multiple elements can be analyzed simultaneously using this method. 
Conclusion 480
This paper describes a simple analytical method for measuring total dissolved Cu, 481
Cd, Pb, and Fe in seawater using batch-extraction of metals onto NTA Superflow resin 482 beads and isotope dilution ICPMS. The method uses only 1.3-1.5 ml of seawater per 483 element and small volume of reagents that can be purified easily, removes salt effectively, 484 and has low procedural blanks and a low detection limit. In addition, accuracy and 485 precision is ensured regardless of sample matrix (e.g. organic ligands in samples) because 486 isotope dilution is used. This study also demonstrates the potential of the simultaneous 487 analysis of multi-elements by spiking a sample with a multi-isotope enriched standard. 488
The method was applied to measure total dissolved Cu, Cd, Pb, and Fe in open ocean 489 seawaters and the results showed excellent agreement with SAFe reference values and the 490 data from previous studies. This method will be beneficial for the analysis of a large 491 number of samples, as planned in GEOTRACES program, because multiple elements can 492 be measured from a small volume of sample, which will make sample collection, storage 493 and handling much easier. Table 1 . Fe released from various vials with different positions. The Fe concentrations were measured in 0.5M HNO 3 after 150µl of the 0.5M HNO 3 was stored in empty vials for five days, which corresponds to the Fe procedural blank coming from the vials. Eppendorf A and B are from different lots. 
